We present a new vector spin-exchange relaxation-free magnetometer with suppressed 1/f technical noise, achieved by applying a small DC bias field and a comb of π pulses along the pump direction. This results in a synchronous orthogonal AC response for each of its two sensitive axes. The new magnetometer is particularly well-suited to applications in which the signal to be measured carries a dominant component of its power at low frequencies, such as biomagnetism. The new magnetometer attains probe noise of 2 fT Hz −1/2 (x) and 8 fT Hz −1/2 (ŷ) at 0.01 Hz. The independently optimized single-axis DC SERF sharing the same experimental apparatus attains probe noise of 27 fT Hz −1/2 at 0.01 Hz. A probe noise minimum of 0.7 fT Hz −1/2 (x) and 1.5 fT Hz −1/2 (ŷ) is reached by the new magnetometer at 10 Hz, compared to 0.3 fT Hz −1/2 in DC SERF at the same frequency.
Precision measurement of weak magnetic fields can yield important information not obtainable by other methods. Residual magnetization of geological samples reveals the Earth's magnetic field history, formation and movement of the continents, and provides means to verify geophysical theories [1, 2] . The magnetic fields generated by electrical signals in the human body are used in both research and clinical diagnosis. Fetal magnetocardiography (fMCG), for example, is an important tool for diagnosing arrhythmia in a developing fetus in utero [3] . Electric fetal heart signals are attenuated and distorted by the surrounding tissue and vernix caseosa (a waxy substance covering the fetus), making electrocardiography (ECG) challenging [4] . Similarly, magnetoencephalography (MEG), used to detect and localize brain responses to external stimuli or diagnose and localize pathological activity [5, 6] , offers better source localization and complementary information to electroencephalography (EEG).
While superconducting quantum interference devices (SQUIDs) have been an established state-of-the-art tool for these applications, optical atomic magnetometers are becoming a viable alternative. These magnetometers are compact, reach similar magnetic sensitivity levels (∼1 fT Hz −1/2 ) [7, 8] and do not require liquid helium or a large magnetically shielded room, substantially reducing the cost of operation and potentially making highsensitivity magnetometers more accessible in the future. Optical atomic magnetometers have been employed in high sensitivity measurements of remnant rock magnetization as a function of temperature [9] , brain auditory response [10] [11] [12] , multi-channel MEG [13, 14] , and fMCG signal measurements competitive with SQUIDs [15, 16] .
Spin-exchange relaxation-free (SERF) magnetometers [17] are a subtype of optical atomic magnetometers which exhibit exceptional sensitivity (record of 0.16 fT Hz −1/2 ) [9] , making them particularly attractive for fMCG. While traditional DC SERF magnetometers suffer from 1/f noise that can dominate the fMCG signal, this can be mitigated by adding an external magnetic field modulation, which facilitates signal detection at a higher frequency [18] . Typically SERF magnetometers measure a single field vector component orthogonal to the optical pumping (ẑ) and probing (x) axes [ Fig. 1(a) ]. Other field components can be measured by adiabatically modulating the magnetic field at the cost of drastically reducing the bandwidth [19] . An alternate approach ("Zmode") is to modulate the field alongẑ at the frequency f mod outside of the magnetometer's bandwidth [20] . Demodulating the signal at f mod provides an independent measurement of the field alongx, while theŷ component is detected either at DC with gain comparable to thê x component, or at 2f mod with a substantially reduced gain. In our system, better fMCG measurements [21] are achieved through both diffusive suppression of the AC Stark shifts [22] and detection of theŷ component at DC. However, this renders theŷ field measurement prone to 1/f technical noise, degrading theŷ sensitivity at low frequencies. While it is possible to circumvent this issue by introducing another probe beam along thê y axis [23, 24] , this requires three orthogonal optical axes and increases complexity of each individual sensor.
We present here a new method for measuring botĥ x andŷ field components using synchronous detection with a single probe, while retaining high sensitivity and spin-exchange relaxation suppression. This is achieved by applying a superposition of a DC offset field B 0 and a comb of π-pulses B π to the sensor in theẑ direction. The signals produced by bothx andŷ magnetic field components are periodic at the π-pulse frequency f π and orthogonal to each other. The signal demodulation for each axis is performed in real time via multiplying the probe polarization rotation signal by an appropriately phased square-wave at the π-pulse frequency, followed by low-pass filtering. This approach suppresses 1/f technical noise along theŷ axis in the π-pulse magnetometer, as compared to the DC SERF and the Z-mode. The probe noise limit reached by the π-pulse magnetometer is comparable to the Z-mode magnetometer, while DC SERF attains a lower noise limit due to the higher Faraday rotation gain.
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, where B ⊥ = B xx + B yŷ is the field to be measured, and B 0 is the offset field in theẑ direction, which is parallel to the pump wave vector k pmp B 0 . A comb of short π-pulses B π B 0 has repetition rate f π .
Here π-pulse is defined as a magnetic field pulse causing the atomic spin vector S to undergo Larmor precession by the angle π aroundẑ. Let Ω + = γB + and Ω 0 = γB 0 be the corresponding precession rates in the constant magnetic field, where γ is the gyromagnetic ratio, and B + = B x + iB y . The Bloch equation in the spherical basis for the S + = S x + iS y component is
where Γ is the spin relaxation rate, γB π = dφ π /dt, and φ π is defined as
After the transformation S + = A + e iφπ , Eq. 1 is simplified:
Since e −iφπ is a periodic function, the resonance condition can be found by substituting
e −iφπ = p j p e iptωπ in steady state:
where
(4) When B 0 is chosen such that Ω 0 = πf π , the p = 1 term dominates, the B + field response is maximized, and S + becomes
where α = arg (j 1 Ω + ), and Ω ⊥ = |Ω x + iΩ y |. Calculating j 1 = −2i/π, we can find the spin projection on the direction of the probe propagationx:
(6) The probe polarization rotation signal thus can be synchronously detected at ω π , and the components corresponding to B x and B y are orthogonal. Note that the B y signal has a non-zero average, and the square wave demodulation shown in Fig. 1 magnetic field. A small applied field B x or B y generates components of spin polarization alongŷ orx, respectively, as described in [17] . Now superimpose an additional static field B z ; the spins begin to precess about z. Adding an infinitely short π-pulse parallel to B z after π radians of precession effectively eliminates half of each precession cycle. Thus, a B x field generates static timeaverage polarization alongŷ, which oscillates by ±π/2 radians aboutŷ at the π-pulse repetition rate; likewise, a B y field generates a time-average static polarization alongx which oscillates by ±π/2 radians aboutx. The experimental setup [ Fig. 1(a) ] allows for direct comparison of the DC SERF, the Z-mode SERF and the π-pulse SERF magnetometers' performance in independently optimized conditions. The core of the setup is a rectangular vapor cell (10×10×30 mm, 87 Rb + 165 Torr N 2 ) with two clear optical axes for the pump and probe beams, which propagate through the short dimensions of the cell. The cell is enclosed by a set of high-resistance ceramic heaters with counter-propagating wire traces in order to minimize stray magnetic fields similar to [25] . Heat-insulating padding made from 10 mm-thick aerogel sheets is placed between the heater assembly and a 3d-printed plastic housing. The housing also provides frames for a set of three orthogonal Helmholtz coils, which produce the bias field B 0 and the AC field for the Z-mode SERF. The π-pulses are applied by an auxiliary Helmholtz coil mounted outside of the housing. The vapor cell is heated to approximately 175
• C with AC at 154.7 kHz, chosen to avoid aliasing of the AC interference into the demodulated signal [26] .
The linearly polarized probe beam (780 nm,x) is delivered into a 4-layer µ-metal shield via a polarizing singlemode fiber (IXfiber λ=780 nm, 125 µm core). The total probe power used in the DC-and Z-mode SERF is 400 µW, and is increased to 800 µW in π-pulse mode to compensate for the diminished magnetometer gain and the corresponding technical noise enhancement. The optical frequency of the probe is the same in all magnetometer configurations, chosen to maximize the optical rotation signal while keeping the absorption below 10%. The probe polarization is additionally cleaned up with an absorptive linear polarizer (LP), and a λ/4 wave plate is inserted in the probe path to compensate for residual birefringence in the vapor cell walls. The probe polarization rotation is measured with a balanced differential polarimeter consisting of Wollaston prism (WP), a condenser lens (CL), and a matched photodiode pair (PD). A differential current amplifier [27] converts the PD difference current into voltage, which is then acquired and demodulated by the data acquisition system (DAQ) in real time.
The pump beam (12 mW, 795 nm,ẑ) is delivered into the magnetic shield via the same type of fiber as the probe beam. The pump light is circularly polarized before entering the vapor cell, and its optical frequency is chosen to minimize the induced AC Stark shift variations across the cell [22] . Suppressing AC Stark shift gradients is particularly important in the π-pulse magnetometer setup, as they cause the effective Ω 0 to be non-uniform across the cell volume. This broadens the magnetic resonance (Eq. 3), reduces the response amplitude, and introduces transients into the signal as the atoms precess out of phase with each other [28] . Lightshift gradients are minimized by operating the magnetometer in the diffusive SERF regime [22] with high light intensity within the pump beam (w 0 =0.3 cm) to ensure that the pumped atoms remain primarily polarized alonĝ z. Atoms diffusing outside of the pump beam dominate the magnetic signal, unaffected by the light shifts and broadening. With a relaxation rate Γ=435 s −1 limited by Rb-Rb spin-destruction collisions, and a diffusion coefficient estimate of D=0.7 cm/s, the atoms traverse Λ=2π D/Γ= 0.3 cm before being depolarized.
The constant bias field for the SERF in DC-and Z-mode is generated with a custom-made current source [26] , which exhibits a measured 1/f magnetic noise of 30 fT/Hz at frequencies below 10 Hz on each sensitive axis (30 fT Hz −1/2 at 1 Hz, 9 fT Hz −1/2 at 10 Hz), with a noise floor of 4 fT Hz −1/2 at approximately 30 Hz. In the Z-mode SERF, the parametric modulation frequency and amplitude are selected to make thex andŷ magnetic field responses equal (1 kHz and 16 nT, respectively). In the π-pulse magnetometer, the offset field B 0 =99 nT and the π-pulses jointly generate full precession cycles at f π =1 kHz, chosen to match the Z-mode parametric modulation frequency. The gyromagnetic ratio is there- fore γ=5.56 Hz/nT, which corresponds to a polarization of p=0.35 in the spin-temperature limit [29] . While the magnetometer is nominally insensitive to the B z field, there is still a measurable B x and B y signal response to an applied B z field with crosstalk coefficients B x /B z =0.03 and B y /B z =0.05. Consequently, B 0 must be sufficiently low-noise in order to achieve the magnetic field sensitivity predicted by the probe noise measurements. Furthermore, variations in the π-pulse area are predicted to generate crosstalk betweenx andŷ channels and introduce additional 1/f noise due to pulse transient fluctuations and signal phase fluctuations [3 µs π-pulses are produced with a separate current source controlled via an FPGA (NI-7851R) with timing accuracy limited by 200 ps clock jitter].
The polarimeter signal is digitized by a 16-bit ADC at 500 ksps synchronously with the π-pulse control signal produced by the FPGA. The demodulation is performed in real time by multiplying the ADC data with a square waveform [ Fig. 1(b) ]. The demodulatedx andŷ field data is streamed to the host computer at the rate of 1 ksps per channel, where it is converted into the magnetic field units. See the supplement [28] for more information on geometric alignment and signal demodulation.
The response of each magnetometer is measured via applying a series of magnetic calibration signals and averaging the results [21] . Figure 2 shows gains of each magnetometer operating in independently optimized conditions. The DC SERF has the largest gain of 100 nrad/fT at zero frequency, as compared to 35 nrad/fT in the Zmode SERF, and 20 nrad/fT in the π-pulse mode with a small gain discrepancy between thex andŷ axes, which we attribute to uncertainty in the current-to-field conversion coefficients of the applied calibration signals. Figures 3 and 4 show calibrated power spectral density plots at zero applied B x and B y , each representing an average of twelve 100 s measurements. The probe noise is measured with the pump beam blocked, and the magnetic field noise is measured with both beams unblocked. Compared to the DC SERF, the Z-mode and π-pulse magnetometers have higher probe noise floors, but better low-frequency noise performance, except for theŷ direction in Z-mode [ Fig. 4(b) ], which does not benefit from the added modulation, resulting in higher 1/f noise. In addition to the noise floor, we assess the stability of each magnetometer using Allan deviation (Fig. 5 ). This provides an estimate of the added magnetic field noise if a sensor operates in a feedback loop stabilizing the background magnetic field near zero as a part of a larger SERF array. The Allan deviation is calculated from the averaged spectral density of three 400 s long data samples. The π-pulse probe noise can be averaged for up to 10 s to attain a detection floor of 0.5 fT (x) and 1.7 fT (ŷ), which is within the stability requirements of operating an fMCG array. Z-modeŷ and the DC SERF signals exhibit drifts at the time scales above 0.2 s, while the Z-modex signal has the lowest drift and is dominated by the sensor noise up to at least 100 s of integration time.
In this paper, we have demonstrated a new type of a spin-exchange relaxation-free magnetometer and measured its noise performance. While overall it has lower gain compared to the traditional DC SERF magnetometer, it offers an important advantage of enabling synchronous detection in two directions simultaneously. Thê x andŷ magnetic field signals are generated at the chosen π-pulse frequency and are orthogonal, minimizing the technical 1/f noise contribution from the laser and temperature drifts in both signals simultaneously. This is especially important in biomagnetic applications, since a significant fraction of the signal power is contained in 0.1-100 Hz frequency range, where the measurement sensitivity is often limited by the 1/f noise in the detection system [26] . This also opens a possibility of precise gradiometry measurements with several independent sensors, as the improved long-term stability can be used for field stabilization and better cancellation of the environmental noise.
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